ABBREVIATIONS EBL = estimated blood loss; FOA = fronto-orbital advancement; IFZD = interfrontozygomatic distance; IPD = interpupillary distance; LOS = length of hospital stay; MIS = minimally invasive surgery.
M etopic craniosynostosis, a consequence of premature closure of the metopic suture, results in the deformity of trigonocephaly. Patients present with the classic triangular-shaped forehead due to severe lateral growth restriction of the two frontal bones. A midline anterior calvarial ridge on the forehead is seen over the synostosed suture. Hypotelorism results from deficient lateral movement of the orbits and anterior skull base. Overall intracranial frontal volume is often reduced, requiring early operative intervention to allow normal anatomical and physiological growth of the brain; as such, treatment is not only for cosmetic reasons. Metopic synostosis has been linked to neurodevelopmental delay in a number of related conditions and syndromes. 40 Treating patients with metopic craniosynostosis is a challenging task for the neurosurgeon and craniofacial plastic surgeon for a number of reasons. Initial dramatic deformity correction achieved using traditional remodeling techniques can give immediate, great results. Unfortunately, the correction frequently regresses 41 or often leaves the child with large scars and visible postsurgical deformities, such as turricephaly. Although involvement of multidisciplinary teams has been reported to decrease the major complication rate to an acceptable level, 5 undergoing major surgery with long operating times as well as long exposure to anesthetic agents, elevated blood loss, and large-volume blood transfusions places tremendous physiological strain on the child at an early age. The development of newer, minimally invasive techniques has made the procedure safer while providing outstanding deformity correction. 20 In addition, less invasive corrections have been associated with a decrease in the cost of performing these operations. 20 A criticism of suturectomy has been a lack of hypoteloric correction. However, endoscopic suturectomy has been demonstrated to be equivalent to open repairs in correcting hypotelorism. 31 Endoscopy-assisted strip craniectomy of the metopic suture was first performed by the authors in 1998, and they have been performing the procedure for the past 19 years with excellent results.
Methods
The authors have collected a detailed, prospective pre-, intra-, and postoperative database over the past 19 years. The database was searched and included all patients undergoing correction of isolated nonsyndromic metopic craniosynostosis. Data were collected regarding sex, age, weight, operative duration, length of hospital stay (LOS), estimated blood loss (EBL), transfusion requirements, and size of resected synostosed bone as well as any associated complications. Cranial anthropometric measurements, including interpupillary distance (IPD) and interfrontozygomatic distance (IFZD), were also recorded and analyzed. In addition, an extensive literature review was performed of all previously published series reporting surgical performance measures. A statistical analysis was performed comparing traditional open methods against minimally invasive surgery (MIS) techniques. Institutional review board approval was obtained. Hypotelorism is a craniofacial condition associated with premature synostosis of the metopic suture, which does not allow for normal lateral movement of the forehead, orbits, and anterior base of the skull. Severity of hypotelorism increases with earlier suture synostosis.
We analyzed all of our patients by measuring standard facial photographs (anteroposterior views) and measuring their IPD and IFZD. A ratio between these two measurements was obtained by dividing IPD by IFZD and multiplying by 100 (Teloric Ratio = IPD/IFZD × 100). This ratio measures lateral orbital movement and accounts for overall cranial growth. Photographs of 100 normal males and females were measured using this ratio. Photographs of 20 hypoteloric and 20 hyperteloric patients were measured using the same ratio. It was found that a normal ratio ranges between 40 and 55. Hypotelorism is defined as a ratio less than 40 and hypertelorism as a ratio greater than 55.
Study Population
Between 1998 and 2017, a total of 141 consecutive patients with metopic single-suture nonsyndromic craniosynostosis were treated with endoscopy-assisted craniectomy of the involved metopic suture. One hundred seven patients were male (75.9%) and 34 (24.1%) were female. The mean age at time of surgery was 4.1 months (median 3.9 months, range 0.82-12.64 months). The mean weight of the patients was 6.4 kg (median 6.5 kg, range 3.5-10.7 kg). The only preoperative serum value obtained was a single heel-stick, spun hematocrit level following anesthesia induction. The median length and width of the removed bone strip were 10 cm and 0.6 cm, respectively, and the strip extended from the anterior fontanelle to the nasofrontal suture. Although our overall group of patients with craniosynostosis included 12 with multiple-suture synostosis that involved the metopic suture, we decided to exclude that group from the present study and only report on patients with nonsyndromic, single-suture, metopic craniosynostosis to keep the cohort with a similar denominator.
Anesthesia Procedure
After preoperative evaluation, the patient is taken to a heated operating suite and placed onto the operating table. The patient is closely monitored with electrocardiograms, noninvasive blood pressure cuff, and 2 pulse oximeters. Anesthesia induction is accomplished with inhaled sevoflurane with oxygen and nitrous oxide. A preoperative heel-stick hematocrit level is obtained at the time of intravenous cannulation. Peripheral access is achieved using 1 or 2 intravenous lines and no arterial or central venous catheters. Typically, further muscle relaxation is not required due to the short surgical duration. Intubation is performed and the endotracheal tube is secured following auscultation for equal bilateral breath sounds. Antibiotics, typically cefazolin at 40-60 mg/kg, are administered intravenously. Analgesia is achieved with 1-2 mg/kg of intravenous fentanyl and rectal acetaminophen (10-15 mg/ kg). Warming blankets, heat lamps, warmed intravenous fluids, and a heated operating suite are used to maintain core body temperature throughout the operation. Anesthe-sia is maintained with inhaled sevoflurane and oxygen and intravenous fentanyl as needed. All patients have a precordial Doppler placed on the anterior chest wall to monitor for venous air emboli. A second hematocrit is obtained at the conclusion of surgery to assess and estimate blood loss. Anesthesia is discontinued and the patient is extubated once meeting extubation criteria. The patient is then transported to the postoperative care unit with supplemental oxygen and standard monitors.
Surgical Procedure
The patient is placed supine with the head on a pediatric cerebellar headrest. Corneal protection is obtained with ophthalmic lubricant ointment and corneal protective shields. The forehead, eyes, nose, and cheeks are prepared with the povidone-iodine scrub and paint. Sterile drapes are used to drape the aforementioned prepared areas. The area for skin incision is selected behind the hairline and in front of the anterior fontanelle. The amount of the bone removal is approximately 6 mm wide and extends from the anterior fontanelle to the nasion. The scalp is directly incised with a monopolar needle tip unit set at 15 W on cut mode. Once the epidermis is incised, the working mode is changed to coagulation set at 20 W. The incision length is between 2.5 and 3 cm and extended below the galea but above the pericranium (Fig. 1 ); stripping or removing the pericranium will lead to unnecessary blood loss. The subgaleal tissue dissection is extended posteriorly to the anterior fontanelle and anteriorly to the nasofrontal suture with the aid of a lighted Aufricht Rhinoplasty Retractor (Fig. 2) . A burr hole is made with a drill equipped with a 7-mm pediatric craniotome perforator (ACRA-CUT) and located directly over the stenosed metopic suture at the incision site. A 4-mm Kerrison rongeur is used to longitudinally enlarge the burr hole to the anterior fontanelle. Attention is focused anteriorly, where a No. 1 Penfield dissector is used to free the dura mater from the overlying bone halfway down the forehead. The epidural area is inspected with a 30° endoscope, along with an insulated 7-Fr Jackson suction device, which are used to further develop the epidural plane down to the nasofrontal suture.
Almost always, bleeding will be seen coming from bridging veins that extend from the sagittal sinus and dura to the stenosed suture and frontal bone. These are coagulated with an endoscopic bipolar (Karl Storz, Endoscopy-America, Inc.) ( Fig. 3 ). If bleeding can't be readily stopped, the table can be lowered and the head of the bed elevated, while carefully listening to the precordial Doppler for venous air emboli. This maneuver will ensure that the bleeding is fully stopped and that the veins and dura are coagulated under direct visualization. Generous amounts of Surgiflo (Johnson & Johnson) can be used to ensure further coagulation. Once the dura has been fully separated from the cranial bone and bleeding from the dural veins is controlled, a wedge of bone (6 mm × 3-4 cm) can be cut using Mayo scissors or bone-cutting scissors (Karl Storz).
The rest of the osteotomy is made in a piecemeal fashion using bone-cutting rongeurs (Acromed) ( Fig. 4 ). Care must be taken that the osteotomy is continued all the way down to the nasofrontal sublevel ( Fig. 5 ) in order to ensure full release of the frontal bones. A small osteotome can be used to fully split the nasofrontal suture. A suction electrocautery unit (Valley Lab), set at 60 W in coagulation mode, is used to fully cauterize the diploë all along the osteotomy (Fig. 6 ). The Stryker electric bone rasper is then used to smooth out the edges of the osteotomy and remove any sharp pieces of remaining bone. This is particularly important for patients with significant trigonocephaly and prominent metopic ridges. In these patients the sharp edge of the osteotomy can cause prominence and postoperative pain. Prior to skin closure, Surgiflo is left on the surgical bed, which is inspected with an endoscope to make sure that no CSF leaks are present with a Valsalva maneuver. The galea is closed with interrupted 4-0 monocryl suture (Ethicon). Bupivacaine 0.25% with epinephrine 1:200,000 is used for incision block as well as supraorbital nerve block bilaterally at a 1 ml/kg dose. Mastisol and Steri-Strips are used for the dermal closure.
Postoperative Orthosis
The use of postoperative custom cranial orthosis is critical in obtaining excellent results when resecting synostosed cranial sutures. The primary concept is to redirect brain growth and proceed with the changes to compensate for the abnormal cranial shape. The orthosis does not restrict overall growth but holds growth in the anteriorposterior direction while allowing for the forehead and temporal areas to expand and correct the trigonocephalic shape (Fig. 7 ). Using an infrared beam STARscanner (Orthoamerica Products, Inc.), a custom-made orthosis is manufactured and delivered on postoperative day 5. The STARscanner uses eye-safe laser data acquisition technology with immediate 3D reconstruction of the child's head. The orthoses are made with Surlyn (DuPont), which is a thermoplastic ionomer resin. It is a superb material for molding cranial helmets. The inner padding is made of an ethylene acetate lining. The patients are scanned in the neurosurgery clinic in San Antonio and the images sent to a central manufacturing center in Orlando, Florida, where the custom orthosis is constructed using a computer-assisted process. The patient begins wearing the orthosis immediately upon delivery during the first postoperative visit (postoperative day 5), and soon achieves a schedule of 23 hours per day wear. Adjustments can easily be made by adding or subtracting the inner layers to further customize the orthosis. Once correction is achieved the orthosis therapy is stopped. The orthosis is universally well received and worn by the patients throughout the treatment phase.
Results
One hundred forty-one patients underwent endoscopyassisted suturectomy for metopic craniosynostosis over a 19-year period. One hundred seven boys underwent surgery compared to 34 girls. The median age at time of sur-gery was 3.9 months (mean 4.1 months, range 0.82-12.64 months), and the mean weight was 6.5 kg (median 6.5 kg, range 3.5-10.7 kg). The patients were closely followed during the first 2 years after surgery, with an average of 8 visits during this time period. The mean duration of follow-up was 6.2 years, with an SD of 2.9 years. The mean operative duration was 56 minutes (median 55 minutes, range 29-113 minutes). Ninety-eight percent of patients were hospitalized overnight and discharged on postoperative day 1. The mean EBL was 33 ml (median 25 ml, range 5-250 ml) (Tables 1 and 2). A total of 6 patients received a blood transfusion (1 intraoperatively, 5 postoperatively), for a 4.3% transfusion rate. Correction of trigonocephalic features takes place faster in younger patients-with those undergoing operation when younger than 3 months of age-achieving forehead normalization within 6 months. In these cases, only 1 or 2 orthoses may be required overall. Final correction takes place slowly, because the growing brain provides the correction. The midforehead area flattens under orthosis contact, whereas the forehead sides remain angulated during the first 6-9 months of treatment. Complete normalization is typically obtained by 3 years of age ( Fig. 8 ). Because we have not removed or affected the progenitor cells of the frontal sinuses, these will begin to develop, at later years, giving the patient a normal forehead and face appearance.
Analysis of interorbital distance and orbital movement was done by measuring changes in the teloric ratio, defined as the IPD divided by the IFZD (along the same pupillary plane) times 100. A ratio less than 40 constitutes hypotelorism. One hundred eight (76.6%) of our patients presented with a ratio less than 40 (range 30.29-39.68), and 33 (23.4%) presented with normal ratios (range 40.0-47.5). Of the 108 hypoteloric patients, 100 achieved a ratio equal to or greater than 40 (93%) and 8 did not (7%). However, 7 of these patients had short follow-up (6 weeks to 10 months) and 3 had a follow-up greater than 1 year (1.5 years). Two patients developed midfrontal pseudomeningoceles following the surgery. In both cases a very prominent inward keel of bone was present, which led to marked thinning of the dura. In neither case was there a visible durotomy, but nonetheless CSF leaked through the dura. One patient underwent 2 spinal taps with CSF removal (30-50 ml) 2 days apart, which led to resolution of the pseudomeningocele. The second patient had a lumbar drain placed for 5 days after the spinal taps failed to resolve the problem. The pseudomeningocele resolved with the drain and neither patient required an operation to correct the problem. Early in the series the suturectomy was larger (approximately 2 cm), and 7 of the patients required close long-term follow-up of the osteotomy defect. Reos- sification was delayed and ultimately closed in all patients but 2, who were left with small bony defects that did not require a cranioplasty. One patient (0.7%) developed a surgical site infection that required surgical wound debridement and washout.
Correction of the trigonocephalic head shape is a slow process because it requires brain growth to achieve normalization. Once the synostosis is released with the craniectomy, the molding orthosis aids in the correction by maintaining the anterior-posterior (glabella to opisthocranion) distance while allowing for the frontal bones to grow forward and laterally. Care must be taken to make sure that the osteotomy and suture removal extends from the anterior fontanelle all the way down to the nasofrontal suture. Doing so will release both frontal bones at the midline and allow for lateral advancement. Such movement leads to mobilization of the orbits and thus correction of the hypotelorism and trigonocephaly. The lateral orbital movement was noted to continue as the patients became older ( Fig. 9 ).
Rounding of the forehead also took place in a slow, albeit definitive fashion. At first, the area surrounding the osteotomy became flat due to orthotic containment. As the patient progressively aged, the brain advanced forward and laterally, creating a more round, normal forehead shape (Fig. 10A) . The medially slanted forehead seen in normally developing children was also observed in our patients until they became older and a more rounded, normal forehead was obtained ( Fig. 10B and C) . The number of orthoses required for treating the patients varied in an inverse proportion with age. The average duration of orthotic therapy was 11.5 months and ranged between 6 months and 14 months. Children who underwent operation at 2 or less months of age required up to 3 orthoses, which were worn for up to 12 months of age. Older children required 2 orthoses in most cases. The decision as to when to stop orthotic therapy was based on when the child reached normalization. In a number of cases this occurred in as little as 3 or 4 months after the surgery. Because we do not remove or affect the frontal sinus progenitor cells, our expectation has been that the frontal sinus will grow normally, and we have seen this occur in our older patients (Fig. 11 ).
Literature Review
An extensive literature search was performed using PubMed, Ovid, and Google for papers published through 2014 regarding surgical treatment of metopic craniosynostosis. Number of patients, age, sex, year of publication, type of procedure, LOS, surgical time, EBL, transfusion rate, and outcomes were collected (Table 3) . Series were not included if at least one of the above metrics was not reported. In addition, published series had to have isolated metopic synostosis data within the paper to be included. ANOVA was performed comparing data collected from patients treated with traditional open techniques to MIS techniques. Metrics from each individual paper were weighed according to the number of subjects in the respective studies. Effect size, standard curve, and p values were obtained. Statistical significance was defined as p < 0.05. [1] [2] [3] [4] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [21] [22] [23] [24] [26] [27] [28] [29] [30] [32] [33] [34] [35] [36] 38, 39, 41 In addition, through our prior literature investigation it was noted that 70% of the patients who underwent operation were male and 30% were female. Long-term cosmetic outcomes were often discussed in a fashion that makes direct comparison between series a statistical challenge. We found complication reporting to be difficult also in making direct comparisons. The mean age at time of surgery in prior literature for open procedures (n = 1359) was found to be 11.5 months compared to 3.8 months for MIS (n = 135) ( Table 4 ). This age difference was found to be statistically significant (p = 0.0089). The mean EBL in prior literature for open procedures (n = 229) was found to be 224 ml compared to 54.7 ml in minimally invasive procedures (n = 116). This difference was found to be statistically significant (p = 0.0003). The mean surgical time in prior literature for open procedures (n = 105) was found to be 223.7 minutes compared to 66.7 minutes for minimally invasive procedures (n = 98). This difference was found to be statistically significant (p = 0.0122). The mean rate of transfusion in prior literature for open procedures (n = 202) was found to be 0.77 compared to 0.22 for MIS (n = 109). This difference was found to be statistically significant (p = 0.0028). The mean LOS in prior literature for open procedures (n = 1056) was reported at 3.7 days compared to 1.7 days for minimally invasive procedures (n = 98). This difference was found to be statistically significant (p = 0.0002).
As described above, prior series demonstrated a statistically significant difference in all comparable variables we collected. Long-term cosmetic outcomes were too often not reported or reported in a fashion that did not allow interseries comparison. However, from a patient safety and expected cost standpoint (EBL, transfusion rate, surgical time, LOS), the reported data indicate clear superiority favoring MIS.
Discussion
As previously discussed in one of our publications, 25 surgical correction for craniosynostosis began in modern times with Lannelongue (1890) and Lane (1892), who used strip craniectomies for surgical correction of these conditions. As the field of craniofacial surgery developed in earnest in the 1970s, the primary procedures of choice for correction for metopic craniosynostosis became bifrontal craniotomies, orbital bandeau remodeling, and frontoorbital advancement (FOA). Such procedures have been performed by most craniofacial centers worldwide during the last 4 decades. A review of the literature, presented herein, demonstrates these procedures to be safe and often effective. Nevertheless, it is associated with significant blood loss, blood transfusions, blood product transfusions, marked facial and/or orbital swelling, facial pain, and longer hospitalizations (4-6 days). Overall complication rates of up to 35 .9% have been recently reported in well-analyzed series. 37 At the time of surgery and during the early periods postoperatively the cosmetic results are excellent. Swelling and bruising typically subside within 1 or 2 weeks and the patients return to a normal state. Notwithstanding, as time goes on, the early excellent results begin to deteriorate. It is not uncommon and rather the rule that the edges of the osteotomies will become visible, as will the wires, plates, and screws used to hold the osseous constructs together. Such events have been ameliorated by the use of absorbable plates and screws; nonetheless, the "bumps and lumps" as well as osseous defects will not be affected by the use of absorbable materials. Another long-term problem seen with these procedures is the development of turricephaly. It is our belief that use of materials to stabilize and hold the bony construct in place restricts growth and displacement along the sagittal plane, leading to turricephaly.
Treating patients with metopic craniosynostosis proves to be a challenge, because the work does not finish at the end of surgery. A recent review of open surgical correction at a major center revealed great immediate results after surgery, but unfortunately found a significant decline in cosmesis over time. 41 Early minimally invasive interven- tion for metopic craniosynostosis allows correction of the evolving fronto-orbital abnormalities much sooner, resulting in excellent long-term outcomes. In addition, we have found MIS to be safe in this very young age group because the surgical time and blood loss are so significantly decreased. The primary underlying principles in treating patients with craniosynostosis using endoscopy-assisted techniques include 1) surgery at an early age; and 2) very rapid brain growth during the 1st year of life. In an attempt to discern the best period for treatment, we decided to operate on children up to 1 year of age. Analysis of our outcomes has led us to determine that the absolute best results are achieved when operating on children who are younger than 3 months of age. However, patients between 3 and 6 months also obtained very good results. Operation at 6-9 months can also provide good outcomes, particularly when compared to traditional calvarial vault remodeling surgeries. We reserve operations in children older than 9 months for when they have a mild deformity and they present with significant irritability and fussiness. We have found that this cohort benefits from surgery by having a marked decrease in irritability and crying and that they still achieve good and acceptable cosmetic outcomes. The use of cranial orthosis after strip craniectomy has allowed continued long-term outstanding cosmetic results.
From a technical standpoint, endoscopic management of stenosed metopic sutures is the most difficult and challenging of all endoscopic procedures performed by our group. There is a significant learning curve, which can be minimized by closely adhering to the surgical principles presented herein. Challenges include the following: a small scalp incision; a relatively long distance from incision to the nasofrontal suture; working in and through a very narrow (5-to 6-mm) osteotomy; and presence of a variable number of venous perforators from sagittal sinus to frontal bone in the lower third of the forehead. The use of an endoscopic bipolar is of utmost necessity to deal with the latter problem of vein perforators. However, analysis of our data demonstrates that the EBL was not significantly different or affected by the patient's age, with a median of 25 ml seen across all ages (Fig. 12A) . Similarly, surgical time was not affected by the patient's age at the time of surgery, with a median of 57 minutes (Fig. 12B ). Open traditional methods of metopic correction certainly still have a role in the treatment of these patients. Patients who have been diagnosed late are often not candidates for strip craniectomy, because the fronto-orbital deformities have become too severe. However, with early evaluation and diagnosis, we have found endoscopy-assisted strip craniectomy to be superior in both cosmetic outcome and surgical performance measures.
The degree and amount of FOA has a significant effect on postoperative frontal sinus development and growth. McCarthy et al. 30 clearly demonstrated that FOA has an adverse effect on frontal sinus development and forehead aesthetics. A study of 11 patients who underwent bilateral FOA as infants showed that 10 of the patients failed to develop frontal sinuses. 33 Our procedure does not affect or interfere with the sinuses' progenitor cells and therefore, our patients develop normal sinuses and forehead contours, as demonstrated in Fig. 11 . We believe that this presents as another advantage to our surgical approach. 
Conclusions
Our experience managing patients with craniosynostosis of the metopic suture during several decades indicates that proper management requires early diagnosis and surgical intervention. The patients who underwent operation at our center all presented with significant frontal defor-mity, and we do not operate on patients who present with late-onset synostosis. This cohort most typically shows a midline prominent metopic suture ridge but a normally rounded forehead and normotelorism. We have demonstrated that early management using minimally invasive resection of the suture, followed by postoperative orthotic FIG. 12. A: Scatterplot matching patient's age (months) with EBL (milliliters). Data show that blood loss was not affected by patient's age and, except for a few outliers, it was consistent for all ages between 1 and 12 months. B: Scatterplot matching patient's age (months) and surgical time (minutes). Like blood loss, age does not affect surgical time.
therapy, provides the patients with excellent correction and long-lasting results (Fig. 13 ). This approach should be considered as an option for those patients who are diagnosed early with this clinical condition.
